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Abstract
Room temperature ionic liquid (RTIL) and organic solvent mixtures, in supercapacitors,
have desirable properties in comparison to conventional electrolytes. We studied the
nanostructural properties of mixtures of the RTIL: 1-butyl-3-methylimidazolium bis
(trifluoromethyl sulfonyl) imide (abbreviated to BMIM+[TSI]-), with organic solvents:
acetonitrile, dichloromethane, benzene, toluene, and tetrahydrofuran. The mass percentage at
which macroscopic phase separation is visible in each RTIL and solvent mixture was determined
by slowly increasing the solvent concentration. Small angle x-ray scattering (SAXS)
measurements, at RTIL mass percentage lower than the phase separation concentrations, were
carried out to determine whether nanoheterogeneity is present leading up to macroscopic phase
separation. The x-ray scattering measurements provide us with statistically averaged structural
information over length scales of 0.25 nm to 60 nm. We find an excess scattering at low-Q (large
length scales) compared to the expected scattering from a simple mixture of two liquids, suggesting
nanometer-scale composition fluctuations. We describe the system’s approximately 1 nm-size
heterogeneity. A model composed of the Teubner-Strey function, and a summation of Lorentzian
functions is employed to analyze the mixtures’ scattering curves. The Teubner-Strey function’s
periodicity, correlation length, and suggested Lifshitz line - and the Lorentzian functions peaks’
positions and widths- are studied. We propose a model based on the solvent’s physicochemical
properties to explain the complex mixing mechanics of toluene, benzene, dichloromethane,
acetonitrile, and tetrahydrofuran with BMIM+[TFSI]−. Results and analyses of the length scales of
the heterogeneity and changes in intermolecular coordination in these systems will be discussed.
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1
1.1

Introduction

Ionic Liquids Property and Industrial Applications
Ionic liquids have advantageous properties ranging from negligible vapor pressure, high

thermal stability, nonflammability, solvation properties, and electrochemical property. These
properties enhance their application as reaction media, separation solvents, lubricants, and novel,
efficient, and green electrolytes(1).
Ionic liquids are a multifunctional type of substance that finds numerous applications in
industry and academia. It has ion types, ion variations, and ion combinations which enhances its
extreme versatility when subjected to targeted modifications. Targeted modification of ionic
liquids in this case refers to a deliberate change in their structure. The modifications sometimes
are responsible for the varying properties of specific ionic liquids (2).
Every ionic liquid has two major constituents which are independently chosen for specific
purposes. The different choice of cation determines the kind of ionic liquid such as imidazolium
and phosphonium, and modification can be done by changing side chain lengths, substitution
patterns, and functional groups. This enhances the variability in the application in industrial
processes, ranging from battery electrolytes, pharmaceutical and protein crystallization among
other applications(1,3).
Pure Ionic liquids generally have high viscosity, which causes low conductivity and
diffusivity, which has an adverse effect on the charging and discharging rate when used as
electrolytes for energy storage. An effective way to influence the transport properties of
Ionic/Zwitterionic liquids is to mix them with different solvents, which has improved the
physiochemical properties affecting their bulk and interfacial properties. Such aprotic solvents
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solvate the ions in solution, causing a disruption to the cation-anion interactions which has a
positive influence on the viscosity and conductivity(3,4).
Imidazolium-based ionic liquids contain an imidazole ring. Imidazoles generally share the
1,3-C3N2 ring with different kinds of substituents. The ring system can be found in major
biological building blocks (e.g., histidine, histamine), and this is one of the reasons why the
imidazole ring can be found in most antifungal drugs, the nitroimidazole series of antibiotics, and
the sedative midazolam drugs. Imidazolium-based ionic liquid is a polar compound with an electric
dipole moment of 3.67debye and higher water solubility. The rate of reaction, selective interaction,
media polarity, and solvation characteristics of ionic liquids is influenced by the amount of water
in the mixtures. The anionic and cationic diffusion grows in imidazole/water mixtures based on
the electrostatic interactions by molecular cosolvent(5).
1.2

Ionic liquid properties in different solvents
Acetonitrile is a solvent with high solubility in Ionic and zwitterionic liquids. The dynamics

and structural arrangement of a pure form of acetonitrile are driven by dipole-dipole interactions,
which are responsible for the easy miscibility with polar compounds such as ionic liquids and
zwitterionic liquids. Hence, there is a significant application of RTIL/Acetonitrile binary systems
as an electrolytic solution(6). Chaban et al reported that by the addition of acetonitrile the ionic
conductivity of RTILs increased by 50 times the pure ionic liquid conductivity which enhances
high diffusion coefficients and low viscosity(5,7).

2

Figure 1: Structural Formula of BMIM+[TFSI]The alkyl chain length of the cation has a significant effect on both the physical and
chemical properties of RTILs. For example, it is observed that longer cation side chain is usually
characterized by lower density, lower solubility, slower diffusion, and higher viscosity.
1.3

Polarity
Polarity is an important concept that describes the electrical interactions between ionic

particles in a given mixture. It explains the relative orientation of poles in an electric field. The
poles in a mixture are the cations and anions and the property of having such poles is called
polarity. Polarity is a property describing the separation of electric charges/ionic charges which
causes molecule formation, which contains bonds due to the differences in electronegativity within
the atoms bonded. The strength of a solvent determined by its polarity, which is the ability of such
solvent to preferentially dissolve more polar compounds. This differs from solvent selectivity
which is the ability of a specific solvent to selectively dissolve one compound as opposed to
another, where the polarities of the two compounds are not obviously different. Polarity index, P’,
is defined as a measure of the ability of a given solvent to interact with various polar test solutes
(8).
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1.4

The Concept of Periodicity, and Correlation length

Figure 2: Schematic illustration of a hierarchical structure of ionic liquids. (9)
▪

The yellow region in the schematic diagram represents the alkyl chain region which plays
a role in determining the long-range structure of RTILs.

▪

Several spectroscopic studies have revealed that the alkyl-chains have various conformers,
and their populations change with temperature. The alkyl chain separated polar distances
are influenced by solvent interaction, which is explained by the periodicity term, 𝑑.

▪

The blue region represents the rich polar/ionic region, whose size is described by the
correlation length term, 𝜉. Changes in 𝜉 depend on the cumulative effect that the addition
of different organic solvents have on the RTIL’s charge-ordered regions, namely the
overall counter ion separation and co-ion separation (9).
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2
2.1

Small Angle X-ray Scattering (SAXS)

Introduction
Small-angle X-ray scattering (SAXS) is a technique used to characterize the mean size and

shape of nanoparticles systems. It is one of the small angle scattering techniques families which
uses hard X-rays with the wavelength band of 0.07- 0.2 nm, just like small angle neutron scattering
which uses neutron particles. SAXS techniques help to quantify the nanoscale density differences
in a specific sample. It helps to determine the particle size distributions, size of pores, the shape of
macromolecules, property distance of partially ordered materials. SAXS has the capacity to deliver
structural information of dimension within the range 1 and 100nm, although this is dependent on
the angular range in which the scattering is recorded. SAXS is a family of the small angle scattering
technique that can study material structures at large dimensions, or small angle, but wide-angle Xray scattering (WAXS) is used to measure the scattering intensity at large angles, or small
dimensions.
2.2

Principle
SAXS techniques operate on the principle that x-rays strike bound electrons, which in turn

vibrates and emits radiations at an equal frequency to the colliding x-ray. The scattered waves from
neighboring atoms have a similar frequency which produces coherent waves/scattering. The
information for the structure of the particles under study is a function of the type of constructive
interference produced by the coherent waves as detected by the detector in the SAXS machine.
Proper analysis of the angle-dependent intensity of the scattered pattern gives precise information
of the particle morphology.
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2.3

Applications
SAXS is used for the determination of the microscale or nanoscale structure of particle

systems in terms of such parameters as averaged particle sizes, shapes, distribution, and surfaceto-volume ratio. The materials can be solid, or liquid and they can contain solid, liquid, or gaseous
domains (so-called particles) of the same or another material in any combination. Not only
particles but also the structure of ordered systems like fractal-like materials can be studied. The
method is accurate, non-destructive, and usually requires only a minimum of sample preparation.
Applications are very broad and include colloids of all types, metals, cement, oil, polymers,
plastics, proteins, etc.
2.4

SAXS Instrumentation
The major components of a SAXS instrument are an X-ray source, a collimation system, a

sample holder, a beam stop, and a detector.

Figure 3: Small angle X-ray Scattering instrumental arrangement
An X-ray source present in the SAXS is usually a sealed tube that has a rotating anode or
a microfocus x-ray source. The SAXS instrument in the NICE2 lab uses a microfocus source
(Copper Source) GeniX 3D Cu High Flux with a wavelength of 1.5419 Armstrong. The electrons
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from the source are focused on to a small spot of 40 𝜇𝑚 on the anode, which produces a narrow
beam of divergence near 6 mrad (0.34 degrees).

Figure 4: GeniX 3D
2.5

The Collimation System
A collimation system is required in SAXS to control beam size and the divergence of the

incoming beam. It is difficult to make a distinction between the relatively low scattering intensity
from the sample and high intensity from the direct beam if the divergence is high. Either slits or
pinholes collimation system is used in SAXS. The X-rays that are produced by the source are
generally not monochromatic. Multilayer optics is used to make the X-ray beam monochromatic
and nondivergent. These optics diffract X-rays of only one wavelength λ according to Bragg’s law.
Bragg’s law gives a relationship between the angles θ at which an X-ray of wavelength λ must fall
on a crystal plane with separation, d, to get a constructive interference of scattered waves. Bragg’s
law is expressed as 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆, where n is an integer
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Figure 5: Bragg’s Law
The sample holder is made up of material that has the capacity to withstand various
physical factors such as pressure, temperature, strain, etc. It is designed to accommodate more
samples on a single holder as shown below.

Figure 6: Sample holder
The beam stop is designed to protect the detector from high-intensity flux of non-scattered
x-rays. One type of beam stop consists of dense materials, such as lead or tungsten, which blocks
off the direct beam completely. There is another type of beam stop that is made of transparent
materials which attenuate the beam to an intensity level that can be handled safely by the detector.
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The advantage of a transparent beam stop is that the intensity of the direct beam is monitored
simultaneously with the sample scattering.
The detector mostly used in SAXS instruments are of four types namely, wire detectors,
CCD detectors, imaging plates, and solid-state (or CMOS) detectors. In the NICE2 lab is the solidstate detector type known as Dectris Pilatus 3R 200-A. It is an ideal detector for a wide range of
x-ray applications with sensitive area of 83.8 mm × 70.0 mm. The pixel size is small 172 μm ×
172 μm. They are inherently free of dark current and readout noise. The detector may read out
complete images within 7ms, allowing shutterless continuous acquisition if necessary.

Figure 7: Dectris Pilatus 3R 200K-A
2.6

SAXS Theory
The SAXS technique measures the differential scattering cross-section per unit volume

𝑑Ʃ(𝑸)
𝑑𝛺

, which is related to the Fourier transform of the electron density distribution of material. For

a two-phase system consisting of 𝑁𝑝 identical non-interacting particles embedded in a
homogeneous medium contained in a volume V, this cross-section is expressed as:
9

2

𝑁𝑝 |∫ ∆𝜌(𝒓)𝑒 −𝑖𝑄𝑟 𝑑𝑟|
𝑑Ʃ(𝑸)
−1
(𝑐𝑚 ) =
= 𝑛𝑝 𝑃(𝒒)
𝑑𝛺
𝑉
The vector Q is the difference between the incoming and scattered wave vectors, ki and kf
respectively, each having a value

2𝜋
𝜆

𝑘̂ (λ is the x-ray wavelength). The magnitude of Q is related

to the angle of scattering(2θ) with respect to the incident beam by the relation: 𝑄 =

4𝜋𝑠𝑖𝑛𝜃
𝜆

.

The particle number density is 𝑛𝑝 = 𝑁𝑝 /𝑉. The quantity 𝐹(𝑸) = ∫ ∆𝜌(𝒓)𝑒 −𝑖𝑄𝑟 𝑑𝑟, also
known as the form factor amplitude, is the Fourier transform of ∆𝜌(𝒓), and 𝑃(𝑸) = |𝐹(𝑸)|2 is
called the form factor. For small values of Q, which correspond to small angles, the terms that
contribute the most to 𝐹(𝑸) are those with a periodicity

2𝜋
𝑄

. This periodicity is much larger than

the wavelength typically used, allowing the study of structures over 100 nm in the small angle
region.
Here, ∆𝜌(𝒓) = 𝜌(𝒓) − 𝜌′ , where 𝜌(𝒓) and 𝜌′ are the scattering length density (SLD) at
position r and the mean scattering length density of the homogeneous medium, respectively. For
X-rays, the SLD is 𝑟𝑒 𝜌𝑒 (𝒓), where 𝑟𝑒 is the classical electron radius and 𝜌𝑒 (𝒓) is the electron
density at position r.
Within the resolution of the SAXS technique 𝜌(𝒓) is effectively a constant and 𝐹(𝑸) may
rewritten as: 𝐹(𝑸) = ∆𝜌 ∫ 𝑒 −𝑖𝑞𝑟 𝑑𝑟, so that the volume integral describes the shape of a
nanoparticle.
When the particles come closer, perhaps due to a concentration increase or an attractive
interaction, their relative interparticle distance may be spatially correlated. To account for
interparticle interference effects, each particle 𝑙 located at position 𝑟𝑙 and with corresponding
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amplitude 𝐹𝑙 (𝑸), a phase factor 𝑒 −𝑖𝑄𝑟𝑙 must be multiplied to 𝐹𝑙 (𝑸). In this case,

𝑑Ʃ(𝑸)
𝑑𝛺

is described

as a sum over all particles normalized by the number of particles:
2

𝑁𝑝

𝑑Ʃ(𝑸)
1
(𝑐𝑚−1 ) = 𝑛𝑝
|∑ 𝐹𝑙 (𝑸)𝑒 −𝑖𝑄𝑟𝑙 |
𝑑𝛺
𝑁𝑝
𝑙=1

For identical particles, the expression may be re-written as:
𝑁𝑝

2

𝑑Ʃ(𝑸)
1
(𝑐𝑚−1 ) = 𝑛𝑝 𝑃(𝑸) |∑ 𝐹𝑙 (𝑸)𝑒 −𝑖𝑞𝑟𝑙 |
𝑑𝛺
𝑁𝑝
𝑙=1

The right side involving the sum is defined as the structure factor, 𝑆(𝑸) =

1
𝑁𝑝

𝑁

2

𝑝
|∑𝑙=1
𝑒 −𝑖𝑄𝑟𝑙 | , and

describes spatial correlations between particles. For dilute, non-interacting systems 𝑆(𝑄) = 1 and
we recover the original description for non-interacting particles. Thus, in the expression,
𝑑Ʃ(𝑸)
𝑑𝛺

= 𝑛𝑝 𝑃(𝑄)𝑆(𝑄),

𝑃(𝑄) describes the nanoparticle shape, and 𝑆(𝑄) describes interparticle interactions.
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3
3.1

Mathematical Models and Concepts

Teubner-Strey model and its application to binary liquid systems
The Teubner-Strey model (Teubner-Strey, 1987) was originally introduced to express the

structure of microemulsions(10). It is a model that calculates the scattered intensity of a twocomponent system by generating a peak when spatial correlations between the component phases
becomes strong. Usually, a two-phase model is characterized by two length scales namely, a
correlation length and a domain size (periodicity). The Teubner-Strey model applies to scattering
data with a peak and that decay as 1/Q4 at high Q. These are concentrated systems with interparticle separation distance comparable to particle size or to bi-continuous structures.
The original paper by Teubner and Strey defined the function as:
I(q)∝1/(a2+c1q2+c2q4) + background
where the parameters a2, c1, and c2 are defined in terms of the periodicity, d, and correlation
length ξ as:
2𝜋𝜉

a2= [1+(

𝑑

)]2

2𝜋𝜉 2
) +2ξ2
𝑑

c1= −2ξ2(

c2 = ξ4
and thus, the periodicity, d is given by,
1 𝑎

1 𝑐

d=2π [2( 𝑐2 )1/2 −4 (𝑐1)] −1/2
2

2

and the correlation length, ξ, is given by;
1 𝑎

1 𝑐

ξ= [2( 𝑐 2 )1/2 + 4 (𝑐1)] −1/2
2

2
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Here the model is parameterized in terms of d and ξ and with an explicit volume fraction for one
phase, ϕa, and contrast, δρ2=(ρa−ρb)2:
I(q) = Scale*

8πϕ𝑎 (1−ϕ𝑎 )(Δρ2 )𝑐2 /ξ
𝑎2 + 𝑐1 𝑞 2 + 𝑐2 𝑞 4

+ background

where 8πϕ𝑎 (1 − ϕ𝑎 )(Δρ2 )𝑐2 /ξ is the constant of proportionality from the first equation above.
In the case of a microemulsion, a2 > 0, c1 < 0, and c2 > 0.
For 2D data, scattering intensity is calculated in the same way as 1D, where the scattering vector
q is defined as q = √𝑞𝑥2 + 𝑞𝑦2

Figure 8: 1D plot for Teubner Strey Model parameters
3.2

Lorentz Model
The Lorentzian Peak is a popular peak function, its most important parameters are peak

position (𝑞0) and peak width (𝐵).
The Lorentz peak model also considered as the Ornstein-Zernicke model is defined by,
13

I(q) = scale/(1+(∆qL)2) + background,
The parameter L is the screening length which is equal to 1/B. where B is the peak width.
For 2D data, the scattering intensity is calculated in the same way as 1D, where the q vector is
defined as q= √𝑞𝑥2 + 𝑞𝑦2 .
3.3

Sphere Model
The sphere model in SasView version 4.2.2 (16) is one of the major models used to fit built

on sphere functions. A sphere function is a unimodal, n-dimensional mathematical function usually
used for the optimization of data to describe the structure of solutions based on formation. The 1D
scattering intensity is calculated as shown below.
I(q) =

𝑠𝑐𝑎𝑙𝑒
𝑉

[3𝑉(∆𝜌)

𝑆𝑖𝑛(𝑞𝑟)−𝑞𝑟𝑐𝑜𝑠(𝑞𝑟) 2
(𝑞𝑟)2

] + background,

where the scale is a volume fraction, V is the volume of the scatterer, r is the radius of the sphere
and background is the background level. ∆𝜌 is the difference between the scattering length
densities of the scatterer and the solvent. ∆𝜌 = sld - sld_solvent
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Figure 9: 1D plot for the Sphere Model parameters
3.4

The Lifshitz line in Binary systems
According to the research conducted by Schubert and Strey on the phase behavior and

SANS data analysis in water, n-alkane, n-alkyl polyglycol ether mixtures. The Teubner-Strey
formula was used to analyze the scattering spectra to determine the amphiphilicity factor, fa, which
connotes the amphiphilic strength of each system.
Schubert and Strey investigated the microstructure of samples made of a polar solvent, oil,
and CiEj with varying amphiphilicities using small angle neutron scattering. The scattering spectra
as a function of the wave vector q, I(q), were analyzed using the Teubner-Strey (TS) formula,
I(q) ∝ l/(a2 + c1q2 + c2q4).
The parameters a2, c1 and c2 arise from an order parameter expansion of the free energy
that includes the first two gradient terms. By defining the amphiphilicity factor fa = 𝑐1 ⁄
(√4𝑎2𝑐2 ) one may discuss amphiphilic strength (amphiphilicity) on a uniform scale.
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Microemulsions, with fa close to -1, show a scattering peak at non-zero wave vector. Values of fa
< -1 cannot arise as the fluid becomes unstable to a lamellar phase at this point. Decreasing the
amphiphilicity (by decreasing the chain length of the surfactant or by making the solvent, less
polar) leads to increasing fa. At fa=0, the Lifshitz line is passed, and here the lowest order gradient
term, c1, reverses its sign from negative to positive. At this point, the peak in the intensity moves
from a nonzero to a zero-wave vector. Experimentally, the macroscopic wetting transition, where
the middle phase wets the interface between excess oil and water phases, is found to occur on the
microemulsion side of the Lifshitz line, in good agreement with theory. Eventually, the solution
passes the disordered line, where fa = L, here the correlation functions are no longer oscillatory at
long distances and the interfaces become uncorrelated. Decreasing the amphiphilicity further
drives the system to a tricritical point(4).
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4

Experimental Methods

The scattering measurement for the experiment was done with the aid of the SAXS
instrument in the NICE2 laboratory at the University of Texas at El Paso. The model of the SAXS
instrument is Xeuss 2.0 HR which is useful for SAXS/WAXS systems measurements. It has the
special feature of varying the sample-detector distance, which enhances achieving a very low qmin
range value 0.025nm-1 at a very high angular resolution. It has other major components such as a
movable beam stop and aperture with variable slits, which are controlled by software for automatic
optimization of flux and resolution based on the experimental conditions(11). It has the capacity
to produce 2D images which are taken at different positions by a uniquely motorized and softwarecontrolled detector.
4.1

System Control and Data Acquisition Software
The systems control and data acquisition are monitored by the Xeuss 2.0 control and data

acquisition software interface specfe (based on SPEC from Certified Scientific Software). The
software is responsible for the automated alignment of the complete beamline, varying of
collimation, sample stages, beam stop and detector settings.
4.2

Data processing and Analysis Software
The data processing and analysis software used are the Foxtrot and MantidPlot, which both

made the easy processing of single or large sets of 2D images, masking, subtracting, and 1D
integration in azimuthal or polar coordinates over the complete pattern or on a predefined region
of interest. Data files are then exported to SasView 4.2.2 (16), which is an advanced data analysis
software package.
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Figure 10: Steps of data processing and analyzing

4.3

Materials
The major material of study is the RTIL: 1 butyl-3-methylimidazolium bis-trifluoromethyl

sulfonyl) imide (abbreviated to BMIM+ [ TSI]-) purchased from Ionic Liquid Technologies lnc.
Binary mixtures of RTIL: 1-butyl-3-methylimidazolium bis (trifluoromethyl sulfonyl) imide
(abbreviated to BMIM+[TSI]-) with organic solvents: acetonitrile, tetrahydrofuran, toluene,
dichloromethane, and benzene were prepared. The pure ionic liquids have high viscosity, which
cause low conductivity and diffusivity, which has adverse effect on the charging and discharging
rate when used as electrolytes, hence a need to mix it with the mentioned solvents. The solvents
are chosen based on their different ranges of polarity.

18

Table 1: Polarity of Solvents Used
Solvent

Polarity

Acetonitrile

5.8

Tetrahydrofuran

4.0

Dichloromethane

3.1

Benzene

3.0

Toluene

2.4

The binary mixtures of the solute and solvents at different concentrations is to determine
the appropriate solvent(s) at different mass percentages until reaching a mass percentage at which
phase separation is visible.
4.4

Sample Preparation
The precise range of mass of each solvent with the RTIL sample are measured using the Mettler

Toledo weighing device which is a high precision device. For each of the RTIL-solvents prepared,
•

the pure sample of RTIL and the solvents: acetonitrile, tetrahydrofuran, toluene,
dichloromethane, and benzene are loaded in the Kapton tube, by capillarity.

•

25%, 45%, 65%, 75%, 80%, 90% by weight of Acetonitrile

•

30%, 40%, 50% by weight of Benzene

•

6.3%, 16.85%, 37.8%, 47%, 58% by weight of dichloromethane

•

19%, 30%, 40%, 50%, 60%, 70%, 80% by weight of tetrahydrofuran

•

20%, 30%, 40%, 50% by weight of Toluene
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The volume quantity range 15-20μL of each sample prepared is loaded in Kapton tube for SAXS
experiment, although a larger volume of the samples was prepared to avoid error in the
concentration of mixture to the lowest minimum.
4.5

Sample measurements
Two sets of SAXS measurements were obtained because there is a need to get a piece of

information about each sample. The first set of measurements was of background solutions
including the solvents, and the second set of measurements is of a sample with background
(BMIM+[TFSI]-) solutions. All measurements were done in a vacuum with a sample-to-detector
distance of 1200 mm. Acquisition was set to virtual detector mode and collimation to high flux.
The exposure time for each sample was 1800 seconds.
Data reduction for the raw data obtained from SAXS is done with the aid of two software
Foxtrot and MantidPlot before fitting is done. The following are considered before the full data
reduction is done.
•

Scattering and direct beam of both sample and background.

•

Scattering and direct beam of the empty container.

•

Direct beam of empty container.

•

Scattering and direct of glassy carbon.

The absolute intensity I(Q) from the raw data is obtained by the equation,
I(q) (cm-1) = A * (𝑡𝑟

𝐼𝑠𝑎𝑚𝑝𝑙𝑒

𝐼

𝑠𝑎𝑚𝑝𝑙𝑒

𝑏𝑢𝑓𝑓𝑒𝑟

1

− 𝑡𝑟 𝑏𝑢𝑓𝑓𝑒𝑟(𝑡)) 𝑑
(𝑡)

where A is the absolute Intensity calibration which is a scaling factor obtained by matching
the original glassy carbon intensity with the glassy carbon intensity obtained from the
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SAXS instrument, Isample is the raw intensity of sample, Ibuffer is the raw intensity of buffer,
trsample is the transmission of sample, trbuffer is the transmission of the buffer, t is the
exposure time and d is the sample thickness.
The transmission of sample or buffer is defined as,
𝑇 =𝐼𝑠/𝐼0 = 𝑒−μ𝑑
Here, 𝐼𝑜 is the incident intensity of X-ray, 𝐼𝑠 is the scattered intensity and μ is the linear
attenuation coefficient and d, is the thickness of sample.
4.6

Data Conversion, Reduction and Data Fitting
The determination of transmission of samples and buffer, and conversion of 2D raw data

produced by the instrument to 1D raw data was done using the Foxtrot software. MantidPlot being
a python script software unlike manual Foxtrot is used to significantly reduce the 1D raw data
obtained from Foxtrot, using mathematical operations.
SASView is used for precise structural fitting using the combination of models/plugin
models. The reduced data is fitted using both the form factor (P(q)) and structure factor (S(q)).
SASView is an open-source data analysis software designed for small angle scattering data.
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5

Results

The results below are obtained as a scattering vector versus scattering intensity range
information graph. The scattering vector, q, is the inverse of the distance with units in nm-1 or
Armstrong. This indicates that at a low q region and high q region, the information of larger
dimensions and small dimensions of scattered intensity, respectively will be observed.

Figure 11: Typical plot range for scattering intensity vs scattering vector
The chart below shows the sketch analysis of the major plugin models used for the SasView
analysis. The functions f used are Teubner Strey, and 3 peak Lorentz represented as ftb, flp
respectively.
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Figure 12: Typical Plugin Model plot
The major aim of this research is to describe the structural microheterogeneity in RTIL: 1butyl-3-methylimidazolium bis (trifluoromethyl sulfonyl) imide (abbreviated to BMIM+[TSI]-)
with organic solvents: acetonitrile, tetrahydrofuran, toluene, dichloromethane, and benzene based
on the solvent’s polarity and ion concentration. Mixtures are prepared at different mass
percentages until reaching (if existing) a mass percentage at which phase separation is visible.
5.1

BMIM[TFSI] 100 Fit: 4 Lorentz Peaks Model Fit
The SasView plot for the pure BMIM[TFSI] liquid is shown below. Using a 4 Lorentz peak

model, a broad peak at 0.50391 Å−1 describes the alkyl tail-separated polar domains of the liquid.
The peak values at 0.8582 Å−1 and 1.3622 Å−1 are the two visible peaks due primarily to coioncoion and counterion-counterion separations, respectively. Because the counter-ion peak,
generally located between 1.2 – 1.5 Å-1, coincides with the nearest neighbor peak position of the
solvents used in this study, special care must be taken when assigning this peak position value to
the counter-ion separation distance. Extracting this value first requires subtraction of the solventsolvent contribution to the peak between 1.2 – 1.5 Å-1. The final peak is located at the high q range
2.337 Å−1 which represents many overlapping intramolecular correlations in the RTIL structure.
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Figure 13: SasView Plot for pure RTIL
5.2

Acetonitrile: Teubner Strey + 3 Lorentz Peaks
The figures below show the SasView analysis report for the acetonitrile/BMIM[TFSI]

liquid mixtures at five different mass percent of the RTIL in the acetonitrile solvent. The model fit
used for the reduced data of each mixture is the Teubner Strey with the 3 Lorentz peak models.
The Teubner-Strey model calculates the scattered intensity of the two-component system by
generating a peak for each of mixtures at different mass percent of the RTIL used. The co-ionic
and counter ionic peak positions are as shown below
Table 2: AC/RTIL mixture peaks
Mass %

Co-ionic peak (Å-1) Counterionic peak(Å-1)

25

0.7864

1.4316

45

0.6949

1.5561 and 1.9672

50

0.7206

1.487 and 1.8429

65

0.587

1.5911 and 1.862

75

0.6398

1.5758 and 1.7345
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The co-ionic positions show the scattering intensity for similar ions in the mixture (cationcation or anion-anion interaction) while the counterionic position states otherwise. At increased
mass percentage, the Teubner Strey fit at the low q range, the scattering intensity increase.
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Figure 14a-e: SasView Plot for mass concentrations of RTIL/AC mixtures
5.3

Tetrahydrofuran: Teubner Strey + 3 Lorentz Peaks
The figures below show the SasView analysis report for the tetrahydrofuran/BMIM[TFSI]

liquid mixtures at five different mass percent of the RTIL in the tetrahydrofuran solvent. The model
fit used for the reduced data of each mixture is the Teubner Strey with the 3 Lorentz peak models.
The Teubner-Strey model calculates the scattered intensity of the two-component system by
generating a peak for each of mixtures at different mass percent of the RTIL used. The co-ionic
and counter ionic peak positions are as shown below.
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Table 3: THF/RTIL mixtures peaks. Column * contains values which include the contribution of
solvent-solvent nearest neighbor correlations
Mass % Region of
intramolecular
interactions (Å-1)

Counterionic
positions* (Å-1)

Co-ionic
positions (Å-1)

19

2.4403

1.4131

0.84951

30

2.3542

1.3666

0.7919

40

2.3583

1.3665

0.76598

50

2.3711

1.3659

0.74392

60

2.3786

1.3662

0.72886

70

2.4125

1.3658

0.71186

80

2.4975

1.3652

0.44429

The co-ionic positions show the scattering intensity for similar ions in the mixture (cationcation or anion-anion interaction) while the counterionic position states otherwise. At increased
mass percentage, the Teubner Strey fit at the low q range, the scattering intensity increase.
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Figure 15a-g: SasView Plot for mass concentrations of RTIL/THF mixtures
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5.4

Toluene: 4 Lorentz Peaks + Sphere Model Fit
The figure below represents the SASView measurement report for the reduced data from

the experiment showing the relationship between the toluene/BMIM[TFSI] liquid mixture. The
model fit used for the reduced data of each mixture is the 4 Lorentz peak with the sphere models.
The scattering intensity curve has significant peaks, which indicates that there is high interaction
between the ionic mixtures.
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Figure 16a-d: SasView Plot for mass concentrations of RTIL/TL mixtures

5.5

Benzene: 4 Lorentz Peaks + Sphere Model Fit
The figure below represents the SasView measurement report for the reduced data from

the experiment showing the relationship between the benzene/BMIM[TFSI] liquid mixture. The
model fit used for the reduced data of each mixture is the 4 Lorentz peak with the sphere models.
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The scattering intensity curve has significant peaks, which indicates that there is high interaction
between the ionic mixtures. The scattering intensity at the low scattering vector (q) range increase
with the increased mass percentage of the solute in the mixture.
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Figure 17a-c: SasView Plot for mass concentrations of RTIL/BZ mixtures
The figure below shows the scattering intensity vs scattering vector relationship for the
non-ideal mixing of the five solvents used and RTIL. The clustering is dependent on the specific
solvent/RTIL mixture concentration based on the mass percentages. The cluster analysis suggests
the ionic structure for each of the RTIL/solvent binary mixtures at different mass
concentrations(12). It is observed that the only solvent in which there is no clustering is
dichloromethane. This is an indication that the mixture can be represented as a linear combination
of two structures. Generally, it is observed that the co-ionic peak intensities increase becoming
more visible with increasing mass percentage of the RTIL at lower q-range. The counter-ionic
peak intensities are consistently visible and decrease only slightly with the increased mass
concentration of the solvents.
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Figure 18: I-Q plot for the RTIL-solvents from MantidPlot
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6
6.1

Discussion and Conclusion

Discussion
The models applied in this analysis are 1) a combination of Teubner-Strey and 3 Lorentz

peaks and 2) a combination of 4 Lorentz peak and sphere models. The focus of the discussion is
based on the peak positions, peak half width half max (hwhm), correlation length, periodicity, and
amphiphilicity factor, fa, which explains the amphiphilic strength of each system.

Figure 19:Typical Plugin Model plot (TB - 3_Lorentz Peak)
The figure above represents the peak 2 positions for each of the RTIL and THF, AC,
Toluene, and Benzene binary mixtures. This specifies the counter ionic distances between the ions
of the binary mixtures. The counter ionic disorder between the AC/RTIL mixtures are the highest
compared to other mixtures. The counter-ion peak width decreases with increasing mass
percentage. The steady trend of the AC/RTIL mixture shows high counter ionic disordering,
THF/RTIL shows a constant disorderliness in the counter ionic spacing as the mass concentration
increases. The peak values for the THF/RTIL mixtures is almost similar to that of the pure ionic
liquid as the mass concentration increases. It indicates that the solvent THF will not be able to
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solvates the solute as the mass concentration increases. Toluene and benzene both have peaks at
q- range values lesser than the ionic liquid which indicates that within the concentration of
experimental findings, they do not cause enough perturbation to cause ionic disordering of the
solute. Based on polarity, toluene, benzene and THF have a polarity less compared to Acetonitrile,
hence the justification for the findings above.
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Figure 20: Counter ion Peak position plot
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Figure 21: Counter ion_width plot
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38

BMIM+[TFSI]-

85

Peak 3 Positions

Co-ion Peaks
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4
15

25

35

45

55

65

75

85

Mass %
THF

AC

Toluene

Benzene

BMIM+[TFSI]-

Figure 23: Co-ion peak position plot

The figure above represents the peak 3 positions for each of the RTIL and THF, AC,
Toluene, and Benzene binary mixtures, which represent the co-ionic disorderliness between the
ions of the binary mixtures. There is a steady trend indicating a decrease in the peak values as the
mass concentration of the solvents increases. The co-ionic peak width shows an increase in value
as the mass concentration increases.
6.2

Periodicity
The figure below represents the periodicity trend from the Teubner Strey model

parameters. It explains the trend of the alkyl group phase length in each of the binary liquid
mixtures at different mass percentages of the solvents. The magnitude of the periodicity, d,
explains the RTIL cluster size. THF/RTIL mixtures have a higher periodicity, but both have a
positive trend and the slopes are greater than zero. The periodicity d increases systematically at
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each mass concentration studied which is more prominent in the THF/RTIL mixtures. The high
periodicity and trend justify the fact that non of the solvents (THF and AC) can break apart the
strong electrostatic interactions among the constituent ions(13). The periodicity of the AC/RTIL
mixture is smaller compared to that of THF/RTIL mixtures, this suggests the alkyl tail separated
distances are shorter for AC/RTIL mixtures, hence a smaller cluster size.
A study by Yan-Zheng et al stated that a mixture of [C4MIM]- [BF4] and ACN results in
a local structural transition from large ion clusters to small ion-pairing structures. This shows that
RTIL/acetonitrile mixture at a high concentration of RTIL has the ability based on polarity to
diffuse slowly due to strong ion−ACN interactions and the presence of ACN clusters in chargeenriched domains(14).

Figure 24: Periodicity Plot for RTIL/ AC and THF plot
6.3

Correlation length
The graph below is the visual representation of the correlation lengths from the Teubner

Strey model for both the binary mixtures of RTIL and the solvents (THF and AC). It shows the
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ionic group phase length trend in the individual mixtures at different mass percentages of the
solvent. The correlation length trend shows value decrease with increasing mass concentrations.
Generally, ionic species are usually nanostructural organized in polar networks and apolar
domains(13,15). The ionic species in the mixtures of RTIL/AC are localized in interfacial regions
with the nitrogen atoms pointing towards the imidazolium rings due to the hydrogen bond
interaction.
The correlation length for the RTIL/AC mixtures is within the range of 2.32 - 1.92. This
suggests that the ionic interaction/disorder around the polar region is more compact and also
consistent/constant at increasing mass concentration of the solvent. It shows the counter ion pairs
are more compact because the correlation length/distances decreases. The polar group
compactness of AC/RTIL mixtures is more than that of THF/RTIL mixtures.

Figure 25: Correlation Length plot for RTIL/AC and THF
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6.4

Lifshitz Factor
Based on the parameters from the parameter/fit values from the Teubner Strey model, the

Lifshitz values above zero show a stable miscible phase between the RTIL used and the solvent.
This occurs at a mass percentage of 60, 70, and 80 ranges respectively for the THF/RTIL mixture
and at the mass concentration of 50, 65, and 75 ranges respectively for the AC/RTIL. The Lifshitz
values below zero show the mass concentration at which each binary mixture becomes unstable to
a lamellar phase. The Lifshitz or amphiphilicity factor ranges from -1 <= 0<=1, the variation in
value range is dependent on the parameter/coefficient c1 as shown below,
2𝜋𝜉 2
) +2ξ2
𝑑

c1= −2ξ2(
The ratio (

2𝜋𝜉
𝑑

) is the major determinant factor that contributes to the negative or positive

value of coefficient c1. Specifically, ratio

𝜉
𝑑

if greater than 0.15, it is observed that c1 is negative
𝜉

which in turn leads to a negative amphiphilicity factor fa. Conversely, a lesser value of the ratio 𝑑
gives a positive c1 which in turn gives a positive amphiphilicity factor fa.
fa = 𝑐1 ⁄ (√4𝑎2𝑐2 )
it is important to note that negative fa shows strong amphiphilicity and vice versa.
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Figure 26: Amphiphilicity factor plot for Ac and THF
Decreasing the amphiphilicity (by decreasing the chain length of the surfactant or by
making the solvent less polar) leads to increasing fa (4).
6.5

Sphere Radius
The sphere model was included in the plugin model for the toluene and benzene with RTIL

mixtures respectively. The graphical representation of the radius of RTIL with toluene and benzene
respectively is as shown below. The cluster size of the RTIL ring is within the range of 5-7 Å,
meanwhile, the sphere model parameter showed that the solvent R (Toluene) = 1.9-3.4 Å and R
(Benzene) = 2.5-3.9 Å respectively.
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Figure 27: radius plot from sphere model for TL and BZ in RTIL mixtures
6.6

Conclusion
Solvent polarity has effect on aggregation of ions in RTIL/solvent mixtures.

Acetonitrile/RTIL mixtures at each mass concentration showed that the co-ionic distances
increases as the solvent mass concentration increases. Also, the highest co-ionic distance range
and smallest correlation length range is observed for the AC/RTIL mixtures. This suggests that
acetonitrile, the highest polarity solvent in this study, perturbs the RTIL structure the most.
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Figure 28: Co-ion Distance plot for the RTIL/solvent mixtures
Periodicity is related to the alky tail separated- polar group separation which increases with
increasing mass concentration of solvents. By calculating the amphiphilicity factor from the
obtained periodicity and correlation length, it is possible to understand to what extent a
microemulsion forms, which consists of solvent penetrating the RTIL structure and enhancing the
segregation of alkyl tails from the RTIL charged sites. In this study, the periodicity is an effective
measure of the cluster size, or characteristic domain length scale of the solvent induced RTIL
microheterogeneity.
The width of the co-ionic peak is inversely related to the correlation length that describes
the polar group compactness for the RTIL/solvent mixture (9). The co-ionic peak position
decreases with increase in mass concentration of the solvent (more prominent with AC and THF)
based on the model for fitting. These trends of the co-ionic peak position and width suggest an
overall expansion and increased disorder of the polar region, which is surprising given the fact that
the correlation length (which relates to the polar region compactness) is simultaneously decreasing.
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This observation suggests that the polar region is becoming “stretched” as the RTIL continues to
incorporate more solvent into its structure. The change in correlation length from 3.6 Å to 2.0 Å
(Figure 25) with increased THF suggests a transition from a polar region consisting of an
approximately two RTIL molecule wide correlation length “wall” to one which is composed of
approximately a single RTIL monolayer-wide polar region. One likely mechanism that allows such
behavior is the favoring of alkyl tails extending toward the bulk of the solvent phase and
perpendicular to the polar region domain, whereas at high THF amounts, the tails must be parallel
to the polar domain “wall”. In the case of acetonitrile, the correlation length varies between 1.6 Å
and 2.2 Å, indicating an RTIL phase of approximately one monolayer separating the bulk of the
acetonitrile phase. This domain and periodicity behavior correlates well with the observation that
acetonitrile perturbs the co-ion separation to a greater extent than THF and other solvents. This
increased coordination with the RTIL ions prevents the RTIL from forming appreciable clusters
that only contain RTIL molecules. In all solvents studied, the RTIL cation-anion separation
distance seems to be preserved at all concentrations. Further analysis must be carried out to obtain
a more quantitative measure of the impact on cation-anion separation since the data presented in
this study did not account for the influence of the solvent nearest neighbor correlation peaks (which
vary from ~1.2-1.5 Å-1), and nearly coincide with the cation-anion separation peak at 1.37 Å-1. The
observation that the correlation length increases for 40% and 50% acetonitrile mixtures (compared
to 30% and 60%), could be related to the observed conductivity maximum which has been
previously observed. A study with finely spaced concentrations, by molar fraction near the
anticipated range, could demonstrate the interrelation between periodicity, correlation length, and
conductivity.
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